The potential applications of atomic-scale MRI include imaging biomolecules 8 with unprecedented resolution, revealing the spin structure of atoms, molecules and solids [9] [10] [11] [12] , and giving site-dependent control in quantum simulators 15 and spin networks 16 .
spatial resolution of these resonance techniques is still lower than that of conventional low-temperature scanning probe microscopy. Conversely, scanning probe methods have been used to map electrostatic 22 and magnetic interaction potentials 23 , but their energy resolution is limited in tunneling spectroscopy experiments by thermal broadening 24 . Here, we combine an STM with ESR 13 to perform MRI scans on single-atom spin centers.
In this approach, the magnetic-field gradient, the electric readout as well as the driving field are all combined in the STM tip apex. In contrast to existing scanning-field-gradient methods 21 , our technique presently requires cryogenic temperatures, ultra-high vacuum, and placement of spin-resonant atoms near a conducting surface. Nevertheless, it allows MRI scans with sub-Ångström resolution. We additionally focus on the 3D magnetic interaction potential between tip spin and surface atom spin, which we derived from the MRI data. For different tip configurations and atomic species on the surface, we find fingerprints in the MRI scans that reflect the magnetic properties of both tip and surface atoms. Figure 1a illustrates the experimental setup, consisting of single adatoms adsorbed on
MgO and a magnetic STM tip. Figure 1b shows several adatoms on the surface, the central one being a hydrogenated Ti atom located on an oxygen binding site (TiO) 25 .
Tunnel-current-detected ESR 13, 14, 26 performed by placing the STM tip above the atom allows its magnetic properties to be probed electrically. Here, a radiofrequency (RF)
voltage RF induces spin transitions between the ground and excited state, which are split by the Zeeman energy. This leads to a peak in tunnel current Δ when the frequency of RF is close to the atom's resonance frequency 0 (Fig. 1c) . The proximity of a magnetic STM tip applies a local magnetic field ⃗ tip to the adatom, which shifts its Zeeman energy and leads to spatial variations in the resonance frequency 0 25 . Consequently, the spatial pattern where resonance occurs can be mapped by scanning the tip across the atom with constant frequency (Supplementary Section 1). We scan the STM tip laterally in and while the vertical tip-atom distance is set by the tunnel conditions, making the tip follow the topographic height image acquired simultaneously (Fig. 1b) . In Fig. 1d , the MRI scan shows a crescent-shaped resonance pattern for the tip near the atom. This The resonant slice pattern is caused by the contribution of ⃗ tip to the Zeeman energy of the surface atom. The resonant frequency at each position can be expressed by 13, 25 
where ℎ is Planck's constant, is the Bohr magneton and is the effective electron gfactor of the surface atom spin. ⃗ is the externally applied magnetic field and the spin operator of the surface atom. For a fixed driving frequency the spatially-dependent tip field ⃗ tip ( , , ) can be used to tune the surface spin system into resonance. Depending on the tip magnetic field, the resonance condition will occur at a set of spatial positions We find that the resonant slices change drastically for different magnetic tips. Figure 2c shows MRI scans using a different tip, revealing a nearly-circular resonant slice pattern.
We attribute this to spatially isotropic exchange interaction 25, 29 given by ⃗ tip = ⃗ exchange = Importantly, for any given STM tip, the resonant slice pattern also changes for different types of atoms on the surface. Figure 3a shows a topography of several magnetic atoms, a TiO atom, a hydrogenated Ti atom on a bridge binding site (TiB) and an Fe atom (left to right), that were positioned into a line using atom manipulation. MRI scans at various frequencies reveal a unique resonant slice pattern for each atom. Additionally, both a resonant slice cross section (Fig. 3b) and ESR point spectra (Fig. 3c) good approximation, the magnetic-field direction (Fig. 1a) 25, 28 . Taking these spin properties of the surface atom spins into account and fitting the tip spin moment and direction, we are able to reproduce the resonant slice pattern (Fig. 3b) . While in general each atomic species can couple both by exchange and by magnetic dipole coupling to the tip (see Fig. 2 ), we observe a tendency towards a preferred coupling mechanism, presumably caused by their difference in spin direction, topographic height and occupation of electronic orbitals (Supplementary Section 4 and 5). The diversity of observed resonant slice patterns results from variations in orientation and magnitude of the tip spin ( Fig. 2) and of the surface atom spins (Fig. 3) . In contrast, atoms of the same element at the same type of binding site yield nearly identical resonance slices (Supplementary Section 2) . In addition, we observe spin-spin interaction 30 and different states of the magnetic tip in the MRI scans (Supplementary Section 2).
For any given tip apex and surface atom, we can determine the resonance frequency 0 ( , ) from a series of -measurements (Supplementary Section 3) . This is repeated for a series of tip heights to yield the full 3D interaction potential ℎ 0 ( , , ) shown in Fig. S6 ), making the magnetic properties of large planar molecules and spin structures directly accessible.
